Significance and Impact of the Study: The carcinogenic mycotoxin sterigmatocystin (STC) is produced by several Aspergillus species, either alone or together with aflatoxins. Here, we report a very simple and straightforward procedure to obtain highly sensitive and specific anti-STC antibodies, and their use in the first ever real STC-specific competitive direct enzyme immunoassay (EIA). In combination with a previous EIA for aflatoxins, this study for the first time demonstrates the potential of a STC/aflatoxin EIA pair for what is branded as 'immunochemotaxonomic' identification of mycotoxigenic Aspergillus species. This new analytical tool enhances analytical possibilities for differential analysis of STC and aflatoxins. 
Introduction
The polyketide mycotoxin sterigmatocystin (STC, Fig. 1 ) is an end product in several fungal species, for example, Aspergillus versicolor, Aspergillus asperescens, Aspergillus aureolatus, Aspergillus eburneocremeus, Aspergillus protuberus, Aspergillus tardus, Aspergillus togoensis, Emericilla spp., Chaetomium spp., Penicillium inflatum and a precursor of aflatoxins (AFB, AFG) in some other species, most notably Aspergillus flavus and Aspergillus parasiticus (Rank et al. 2011; EFSA CONTAM Panel 2013) . STCproducing fungi occur ubiquitously on many substrates, including plants used for foods and feeds, and building materials (Jurjevi c and Peterson 2013; Almeida et al. 2014; Despot et al. 2016) . The toxicity of STC is similar but somewhat less than that of AFB 1 (Wong et al. 1977;  Letters in Applied Microbiology 64, 124--130 © 2016 The Society for Applied Microbiology Terao 1983) , it is classified as a group 2B cancerogen (IARC 1987) . Sterigmatocystin was considered as genotoxic and carcinogenic in an evaluation report of the European Food Safety Agency (EFSA), the genotoxicity likely being due to the formation of DNA adducts (EFSA Contam Panel 2013) . The same report concludes that STC may have immunomodulatory activity, is mutagenic in mammalian cells after metabolic activation, exerts inhibition of cell cycle and mitosis, and exerts an increased reactive oxygen species formation and lipid peroxidation in vivo.
Occurrence data for STC in food, feed and in environmental commodities are still scarce. However, a recent survey reported nearly 10% positive samples. STC was found in wheat, rye, maize, barley and products thereof, although mostly at low levels below 1Á5 lg/kg (Mol et al. 2015) . Airborne STC-producing Aspergilli section Versicolores have been reported to be a potential environmental (indoor air) health hazard (Bellanger et al. 2009; Despot et al. 2016) . Therefore, a cost-efficient method of analysis of STC-producing fungi, allowing to differentiate between STC and aflatoxins, would be of interest in food, feed, and environmental analysis, and could be useful to identify the toxigenic profile of Aspergillus isolates obtained from such materials.
Currently, rapid immunochemical screening tests, as available for the aflatoxins, do not exist. Approaches to establish enzyme immunoassays (EIA) based on antibodies against STC-hemiacetal as the antigen were reported some decades ago, but these either required tedious chemical conversion of STC into its hemiacetal before detection (Li and Chu 1984; Morgan et al. 1986; Lou et al. 1996) or lacked sensitivity (Li et al. 1996) , and were obviously not further studied. More recently, Li et al. (2014) reported monoclonal antibodies against STC, employing a method originally described for AFB 2 by Cervinio et al. (2007) , and their use in competitive indirect EIA. However, the report of Li et al. (2014) lacked details about the preparation of the STC derivative, the competitive indirect EIA format was relatively laborious, and its application to the analysis of spiked cereal samples required time-consuming immunoaffinity chromatography (IAC) clean-up. IAC clean-up of STC using commercial columns was also described by other authors (Sasaki et al. 2014; Hossain and Goto 2015; Marley et al. 2015) . Although no details about the antibody preparations used in these columns were given in the latter studies, they were obviously not specific for STC, as they also bound aflatoxins in the IAC. Therefore, this study aimed at a simple and straightforward procedure to establish a specific competitive direct EIA for STC. Combining this assay with a previous AFB 1 -EIA (Gathumbi et al. 2001) should provide a rapid means for immunochemotaxonomic differentiation of Aspergillus species in culture material.
Results and discussion

Immunogen synthesis
The simplified immunogen synthesis procedure described here offers considerable advantages over existing methods. Firstly, derivatization of STC in acetonitrile avoided the need for strict water-free reaction conditions. Secondly, the liquid-liquid partitioning was a much easier and more convenient alternative to isolation by preparative chromatography (Cervinio et al. 2007) . About 4 mg of STC-GE could be obtained from 5 mg of STC using this procedure. The immunogen STC-GE-KLH induced high specific antibody titres of >1 : 100 000 in both rabbits, the serum of one animal yielding a slightly superior test sensitivity.
The competitive direct STC-EIA proved to be both very sensitive and robust, showing that the STC-GE-HRP reported here is fully functional. After evaluation of 41 standard curves performed within 9 months, the mean detection limit was 0Á13 AE 0Á07 ng ml À1 , and the mean IC 50 concentration was 0Á47 AE 0Á21 ng ml À1 (Fig. 2 ).
This is nearly identical with that of the competitive indirect STC-EIA of Li et al. (2014) , who reported IC 50 values of 0Á38-0Á47 ng ml À1 ; however, the test of these authors suffered from significant matrix effects, requiring matrix calibrant standard curves for each specific matrix and IAC clean-up of extracts. In contrast, the STC-EIA reported here tolerated fungal mycelium extracts very well, allowing a simple extract dilution instead of extract purification.
Cross-reactivity tests showed (Table 1 ) that the STC-EIA only reacted weakly with the structurally related OMSTC (0Á87%). The IC 50 concentrations of the five tested aflatoxins were in a very similar range (4000-6000 ng ml À1 ), resulting in calculated relative cross-reactivities of about 0Á01%. However, this required the use of highly concentrated aflatoxin stock solutions in the STC-EIA. Therefore, it cannot be excluded that even this minimal reactivity had been caused by some residual STC or other impurities in aflatoxin standards, which had 99% purity at most. Under a practical point of view, the STC-EIA is highly specific. With these test properties, the STC-EIA was complementary to the AFB 1 -EIA, which had very low cross-reactivity with STC (0Á055%). The high sensitivity of the AFB 1 -EIA reported by Gathumbi et al. (2001) was confirmed in this study. Evaluation of 30 standard curves performed over 9 months yielded a mean IC 50 concentration of 0Á17 AE 0Á1 ng ml À1 , and a detection limit of 0Á06 AE 0Á04 ng ml À1 (Fig. 2 ).
Combined use of both EIAs provided a simple and sensitive means for the comparative detection of these compounds in sample material. This was checked in a preliminary study on immunochemotaxonomic analysis of mycelium from Aspergillus spp. As stated by Rank et al. (2011) , the functional phenotype is extremely important in the investigation of the chemical potential of filamentous fungi. The availability of a rapid and reliable means Toxin concentration (ng ml -1 ) Figure 2 Typical standard curves of the competitive direct enzyme immunoassays (EIAs) for sterigmatocystin (STC) (○) and for AFB 1 (□). Each data point represents the mean of four replicate wells, the coefficients of variation were 3-10%. The standard curve measuring range was 0Á17-2 ng ml À1 (STC-EIA) and 0Á06-0Á5 ng ml À1 (AFB 1 -EIA). The mean IC 50 values were 0Á47 AE 0Á21 ng ml
À1
(STC-EIA) and 0Á17 AE 0Á1 lg l À1 (AFB 1 -EIA).
Letters in Applied Microbiology 64, 124--130 © 2016 The Society for Applied Microbiology of toxin identification would make high-throughput screening in such studies, which currently rely on chromatographic methods, much more efficient. Moreover, since more fungal species than currently known may be able to produce STC or aflatoxins, a rapid search tool would be a helpful tool in future surveys. Mycelium samples of A. versicolor, A. asperescens, A. nidulans, A. flavus and A. parasiticus were tested because for these species, information on their ability to produce STC or aflatoxin (or both) was available (Rank et al. 2011) . For some strains, information about production or nonproduction of toxins were provided by DSMZ. The EIA detection limits for STC and AFB 1 in fungal culture extracts varied, depending on the amount of mycelium obtained for extraction, but was typically at 0Á1 ng per mg of mycelium. A. versicolor and A. nidulans were strongly STC-EIA positive in all four replicate experiments (Table 2) . For both strains, however, the AFB 1 -EIA also gave slightly positive results, in a ratio of 0Á1-0Á2% of STC. As these species are nonaflatoxigenic (Rank et al. 2011) , these results can be explained by the weak cross-reactivity of STC in the AFB 1 -EIA. This finding indicates the limitations of the approach described here, because a weakly positive result for AFB 1 in the presence of high STC levels requires further analyses for a correct interpretation. Alternatively, setting a cut-off level for the ratio of results AFB 1 -EIA/STC-EIA at 1% would eliminate false-positive interpretations and clearly identify a STC-only producer.
The strain of A. asperescens used in this study was slightly positive for STC, but only in one out of four experiments, while the AFB 1 -EIA was consistently negative. This is in agreement with literature data (Rank et al. 2011) . The reason for mostly STC-negative results may be that toxin production of this strain on MEA is not optimal. Further studies will show whether or not enhanced STC production could be observed for this strain on other media.
Aspergillus parasiticus, a known producer of aflatoxins B and G, yielded positive results in the AFB 1 -EIA in all experiments, and was weakly positive in the STC-EIA. The ratio of the results for STC-EIA/AFB 1 -EIA was about 1%, which is about 100 times higher than what could have been expected if cross-reactivity values were considered (Table 1) . Consequently, the mycelium extracts indeed contained STC, which is plausible because producers of aflatoxins B or G are, by implication, producers of the intermediate compound, STC (Rank et al. 2011) .
A certified aflatoxin-producing reference strain of A. flavus was not available, but strain DSM 62065 produced detectable traces of AFB 1 in one out of four experiments, and was consistently negative for STC. A second, atoxigenic strain of A. flavus was negative in both tests. These results further indicate that methanolic extracts can be analysed after a simple 1 : 10 dilution with PBS in both tests without matrix interference. Overall, the STC-EIA and the AFB 1 -EIA gave conclusive results for all five Aspergillus strains, and enabled a simple but very sensitive means of toxin detection.
The competitive direct STC-EIA described here is a highly sensitive and specific analytical tool which is fully complementary to the more common immunochemical detection methods for aflatoxins. The preliminary application study described here demonstrates that immunochemical methods are suitable for a first and rapid elucidation of mycotoxin-producing profiles of filamentous fungi. In some cases, cross-reactivity of STC in the AFB 1 -EIA may require some interpretation of the results, for example, in the case of A. versicolor. Overall, an immunochemotaxonomic survey can be performed very fast and at low costs, and thus presents a new tool which can support existing analytical methods.
Materials and methods
Chemicals, Buffers, Media and Fungal Strains
Sterigmatocystin, all aflatoxins, trifluoroacetic acid, acetonitrile, glycolic acid, N-hydroxysuccinimide, 0 -tetramethylbenzidine (TMB) were purchased from Sigma-Aldrich (Taufkirchen, Germany). O-methyl STC (OMSTC) was purchased from Santa Cruz Biotechnology (Dallas, TX). Methanol, keyhole limpet (Megathara crenulata) haemocyanin (KLH), proteose peptone, and agar were purchased from Merck (Darmstadt, Germany). Peroxidase from horseradish (HRP) was purchased from Roche (Mannheim, Germany). Malt extract agar was purchased from Oxoid (Wesel, Germany). Microtitre plates were purchased from Nunc (Roskilde, Denmark).
Phosphate-buffered saline (PBS) was used at a concentration of 0Á01 mol l À1 (pH 7Á3). The antiserum coating buffer was 0Á05 mol l À1 sodium bicarbonate buffer, pH 9Á6. The washing solution was distilled water containing 8Á5 g of NaCl and 0Á25 ml l À1 of Tween â 20. The enzyme substrate/chromogen solution was prepared as used earlier (Gross et al. 2011) . Malt extract agar was 30 g l À1 of malt extract agar, 5 g l À1 of proteose peptone and 15 g l 
Synthesis of immunochemicals
Sterigmatocystin was derivatized to its glycolic acid-ether (STC-GE) similar as described by Cervinio et al. (2007) and Li et al. (2014) under modified reaction conditions and with a simplified clean-up procedure using liquidliquid-extraction. In brief, 500 mg glycolic acid was dissolved in 2 ml of trifluoroacetic acid. STC (5 mg) was dissolved in 2 ml of acetonitrile and added dropwise under gently stirring to the glycolic acid solution. The mixture was stirred for 2 h in the dark at room temperature (21-24°C) and then transferred into a 100 ml separatory funnel filled with 20 ml of distilled water. Dichloromethane (20 ml) was added, and the funnel was manually shaken for 1 min. The organic phase was removed, and the procedure was repeated with another 20 ml portion of dichloromethane. Both dichloromethane phases were combined in an evaporatory flask, and the solvent was removed under reduced pressure in a rotary evaporator at 40°C. The residue was redissolved in 2 ml of MeOH, and the STC-GE concentration was estimated spectrophotometrically. Then the STC-GE solution was mixed with 9 ml of distilled water to raise the freezing point, frozen at À80°C overnight, and lyophilized.
For conjugation, the STC-GE (approximately 3Á9 mg) was dissolved in 1 ml of DMF, mixed with solutions of N'-hydroxysuccinimide (17Á7 mg in 0Á5 ml DMF) and DCC (63Á5 mg in 0Á5 ml DMF) and reacted for 16 h at ambient temperature. Aqueous NaHCO 3 solutions (0Á13 mol l À1 , pH 8Á2) of KLH (12 mg in 7 ml) and of HRP (4 mg in 3 ml) were prepared. A portion of 0Á7 ml of the activated STC-GE solution was added dropwise to the KLH solution, another portion of 0Á2 ml was added dropwise to the HRP solution. The remaining 1Á1 ml of the STC-GE were used for other purposes. After 2 h of incubation, the STC-GE-KLH and the STC-GE-HRP conjugates were separately dialysed against each 3 9 5 l of PBS and then stored at À18°C.
Enzyme immunoassay
Custom antibody production in two rabbits was performed at Seramun Diagnostica GmbH, Heidesee, Germany, using the STC-KLH (0Á5 ml) emulsified in 1Á5 ml of Freund's complete adjuvant per animal. Two booster injections with 0Á5 ml STC-KLH, added to 1Á5 ml of Freund's incomplete adjuvant were performed 12 and 18 weeks after the first immunization. Blood was collected before immunization and in weeks 6, 10, 16 and 20. Antibody titres were checked in a double antibody solid phase EIA, using the STC-GE-HRP in a 1 : 1000 dilution. The immunoglobulin fraction of antiserum from one rabbit showing the highest antibody titre was obtained by ammonium sulphate precipitation, and the optimal dilutions of the anti-STC antiserum and the STC-GE-HRP were determined by checkerboard titration in a competitive direct EIA system.
The competitive direct STC-EIA was performed in standard microtitre plate format. The wells of a microtitre plate were coated with antiserum (1 : 4000 in coating buffer, 100 ll per well) overnight in a wet chamber at ambient temperature. Free protein binding sites were blocked with 2% sodium caseinate solution (30 min; 200 ll per well), then the plate was washed and dried by gently tapping it five to six times on a layer of paper towels. STC standard or sample extract solutions (in 10% MeOH/PBS, 50 ll per well) and STC-GE-HRP (1 : 8000 in 1% sodium caseinate/PBS, 50 ll per well) were added, and incubated for 1 h at ambient temperature. After another washing step, enzyme substrate/chromogen solution was added (100 ll per well). The colour reaction was stopped after 10-15 min with 1 mol l À1 H 2 SO 4 solution (100 ll per well). The UV absorbance was measured at 450 nm (Sunrise plate reader, Tecan, M€ annedorf, Switzerland) and evaluated by Magellan EIA calculation software (Tecan). Four replicate wells of standards and sample extracts were performed throughout the study. Standard curves were established after transformation of the absorbance values (blank value B 0 = 100%). The 50% inhibition concentration (IC 50 ) and the 20% inhibition concentration (IC 20 ) value of the standard curve for each plate were recorded. The IC 20 was set as the cut-off value (detection limit), while the IC 50 was used for cross-reactivity determination and to check long-time test stability. The ultra-sensitive AFB 1 -EIA was used as described previously (Gathumbi et al. 2001) , following essentially the same EIA protocol as described for STC.
The relative cross-reactivities of OMSTC and of the aflatoxins were determined under the conditions of the STC-EIA. For the AFB 1 -EIA, cross-reactivity of STC and OMSTC was determined because no data had been provided by Gathumbi et al. (2001) .
Analysis of fungal cultures
All Aspergillus species were grown on malt extract agar at 24°C for 7 days. A sample of several milligrams of mycelium (10-20 mg in most cases) without agar was scratched off the plate using a stainless steel spatula and stirred with 1 ml of MeOH in a 2 ml Eppendorf vial. The weight of the mycelium was determined gravimetrically. The vials were thoroughly mixed for 1 min on a manual laboratory shaker (Vortex) at full speed, and then let stand for 1 h, further shaking it for several seconds occasionally. Then the vials were centrifuged (16 200g, 5 min) at ambient temperature. The supernatant was diluted 1 : 10 with PBS for EIA analysis, further dilutions were made in 10% MeOH/PBS. All Aspergillus strains were cultured and the mycelium was analysed in the STC-EIA and in the AFB 1 -EIA four times within 6 months, except of the nontoxigenic A. flavus strain DSM 1959, for which only one test series was performed.
